A new method to analyze the similarity between multiply aligned protein motifs (blocks) was developed. It identi®es sets of consistently aligned blocks. These are found to be protein regions of similar function and structure that appear in different contexts. For example, the Rossmann fold ligand-binding region is found similar to TIM barrel and methylase regions, various protein families are predicted to have a TIM-barrel fold and the structural relation between the ClpP protease and crotonase folds is identi®ed from their sequence. Besides identifying local structure features, sequence similarity across short sequence-regions (less than 20 amino acid regions) also predicts structure similarity of whole domains (folds) a few hundred amino acid reidues long. Most of these relations could not be identi®ed by other advanced sequence-to-sequence or sequence-to-multiple alignments comparisons. We describe the method (termed CYRCA), present examples of our ®ndings, and discuss their implications.
Introduction
Rapidly increasing amounts of available sequence data are both the boon and bane of sequence search methods. While the data are now more likely to include sequences relevant for the analysis, they also contains many more unrelated sequences. In a typical analysis, the aim is to identify similarity between protein (or nucleotide) sequences that code for molecules with the same or similar function. The sequences might be of whole genes, of domains that appear in different genes, or of local sequence regions that correspond to speci®c functional or structural motifs.
Corresponding whole protein molecules (genes), domains or regions are often described as members of a family that usually are also of a common origin (homologous). Once some members of a family are known, all their sequences can be used together to improve the identi®cation of other sequences. Typically, this is done by multiply aligning the sequences and then using the multiple alignments (rather than the sequences) in the analysis.
Multiple alignment-to-sequence searches can identify genuine relations that are not found by sequence-to-sequence searches. 1 ± 6 This is the result of identifying what residues are preferred in the conserved sequence regions of the family members and of not using sequence regions that are not conserved.
Searching multiple alignment databases with multiple alignment queries is superior in many cases to multiple alignment-to-sequence searches for the same reasons that this last approach is better than sequence-to-sequence searches. 7, 8 In general, more information is used for regions that are assumed to be important (conserved).
Another approach to increase the selectivity of database searches is to use multiple pairwise alignments. This was ®rst suggested by Altschul and Lipman for local ungapped sequence to sequence searches. 9 The basic idea is that similarity scores that are statistically insigni®cant in isolated pairwise relations are signi®cant when occurring in a consistent set of relations. Previously, this approach was manually used in the analysis of one type of fold (HTH DNA-binding domains) in multiple alignment-to-multiple alignment searches. 7, 10, 11 Structure determination of some of the analyzed proteins veri®ed the predictions. 12, 13 Here, we describe a fully automated method (termed CYRCA) that continues the advance from sequence-to-sequence to multiple alignment-tomultiple alignment searches. CYRCA clusters three or more consistently aligned blocks (multiple-alignment of protein motifs) into sets. Careful inspection of many sets shows that they contain proteins with the same function, speci®c structural motifs and even global structural fold. Most of these relations cannot be identi®ed by other advanced sequenceto-sequence or sequence-to-multiple alignments comparisons. Our approach assigns previously unknown structure and function features to many regions in diverse protein families. Remarkably, block-to-block sequence similarity across regions shorter than 20 amino acid residues identi®ed structural similarity of whole protein folds, hundreds of amino acid residues long.
Algorithm
Our method is named CYRCA for cyclical relations consistency analysis. The input for CYRCA is the output of the LAMA block-to-block comparison program. LAMA compares pairs of blocks, ®nding their optimal local alignments and calculating a Z-score for these alignments. 7 LAMA output consists of aligned pairs of blocks scoring above some Z-score threshold. From these data, pairs with blocks that have biassed composition are removed. Similarities to such blocks are ofteǹ`t rivial'', due to only the composition of the block sequences and thus do not re¯ect functional similarity. 7 CYRCA ®rst identi®es all cyclical block-relations (e.g. A similar to B, B similar to C, and C similar to A, for a cycle of three blocks). We used the minimal cycle size of 3, identifying all triangles of blocks, but the algorithm can function with any cycle size. Only triangles where the pairwise aligned regions between all blocks both overlap and are consistent were kept. Triangles of aligned blocks are consistent when position x in block A (A x ) is aligned with position B y , B y is aligned with C z , and C z is aligned with A x (Figure 1(a) ). Next, triangles containing identical edges (aligned pairs of blocks) are uni®ed, forming larger connected sets. Such uni®ed sets also are consistent (Figure 2) . Following this step, any additional consistent block-to-block relations within each set (those that form cycles larger than 3) are added. Last, pairwise blocks relations of high signi®cance 7 are added to the sets. These relations are added without a consistency check, and may add linear segments to some cyclical sets (edge E-F in Figure 1(b) ).
Despite the non-redundant nature of the Blocks database, 14 some of its blocks are quite similar to one another and not independent. This is typically the result of similarity between blocks representing corresponding (orthologous) regions in subfamilies. Such dependent blocks are usually found with very high scores to each other by LAMA. This can lead to false CYRCA sets, since the same chance similarities will be found for all dependent blocks. To avoid these false sets, edges with a score above a determined high threshold (mean column comparison score of 0. 9 7 ) are not considered during the¯ow of the program and are added in the last stage.
Results

Consistent sets of similar blocks
All blocks from the Blocks database 14 were compared with each other using the LAMA program. 7 A low score threshold was used to increase sensitivity (include most of the true-positives). Cyclical sets of blocks were detected in this data using the CYRCA algorithm. Table 1 summarizes the data condensation in the progression from protein sequences to block sets.
To estimate the number of false CYRCA sets and determine an optimal threshold, we repeated our procedure on a data set where no genuine hits should occur. These data were derived by shuf¯ing columns of individual blocks 7 in the Blocks database we used. We found a LAMA Z-score threshold of 5.6 to be the most informative. In the 3295 pairwise relations found above this threshold, CYRCA identi®ed only two small cyclical sets of three and four edges. This is signi®cantly less then the 61 sets observed in analysis of the original Blocks database (Table 1 ). This simulation indicates that we should expect a few false sets with the threshold we used. However, this threshold is a reasonable compromise: increasing it eliminates some genuine sets and lowering it adds apparently false sets (results not shown).
CYRCA sets identi®ed here range in size from the minimal three to 47 blocks. The connectivity within each set is partial (not all blocks are connected to each other above the score threshold), being lower in the larger sets. In order to examine the nature of CYRCA sets, we used protein structures available for some block sequences. The three-dimensional coordinates of pairs of protein regions whose sequences were aligned by CYRCA were superimposed according to the alignment. Thirty-two sets contained two or more blocks with proteins where the structure of the aligned region was determined. For these sets, we could superimpose these regions, calculate structural similarity and inspect the resemblance of the protein structures. These sets appear true, except one. This one false set contained three blocks with structurally unrelated protein motifs. Five additional sets were identi®ed as true using a transmembrane region prediction method, 15 and ®ve more sets were considered true by their sequence and family annotation. Hence, we believe that at least 67 %, (31 5 5)/61, of the sets are due to genuine relations and one set (1.6 %) is false. At present, we cannot evaluate the correctness of the other 19 sets and we cannot verify all the pair relations in the genuine sets. However, we believe these relations to be almost all correct, since almost no false pairs were identi®ed in these pairs from structure data. The total number of block pairs in the genuine sets is 87 %; 579/663, of the total number of pairs in CYRCA identi®ed sets. Known false block pairs are less than 0.5 %, 3/663. Thus, CYRCA is a selective and reliable method; its sensitivity is demonstrated in the examples below.
CYRCA sets include protein active sites, ligandbinding regions and protein-protein interaction domains. Many sets with identi®ed function and/ or structure included families that were not known to possess these features. Thus, based on identi®ed function of the sets and superimposition of some Figure 2 . Unifying consistent sets that share a common edge creates a consistent set. Each block alignment (edge) has a shift describing the offset of the ®rst block relative to the second (Figure 1(a) ). This shift is an integer whose sign, or À, depends on the direction the edge is traversed. The sum of these shifts traveling through a consistent cycle of edges is 0, since the aligned region on any block must eventually be aligned back to itself (Figure 1(a) ). (a) two consistent cyclic sets that have the same edge A-B are shown. This edge has a shift x on one set and Àx on the other when it traversed in the opposite direction, as indicated by the arrows. The sum of shifts on the rest of the set is either Àx or x, indicated by the broad arrows. (b) Unifying the two sets along edge A-B forms a new cyclic set. This set can be traversed along the broad arrows with a zero sum of shifts (Àx + x). Hence, the new set is consistent. Results from shuffled block data: 3295 2 (7) a Some sequences appear in more than one family due to the modular nature of many proteins and the presence of protein subfamilies and super-families contained or containing other families in the Blocks database.
b All entries in the Blocks database were inter-compared by LAMA with a Z-score threshold of 5.6. A Z-score threshold of 8.1 was used to identify linear segments in cyclical sets (see the algorithm in the text).
protein structures, we could generate structural and/or functional predictions for these families. To illustrate these results and the general potential of our approach, we next present detailed descriptions of some sets we identi®ed.
Rossmann fold ligand-binding motif
The largest CYRCA set found in this study (47 blocks) includes blocks from proteins with Rossmann-type structure folds. Rossmann fold 16, 17 and related structures are found in a number of protein families that bind nucleotide-containing ligands, such as NAD, FAD and FMN, but also phosphosugars. 18 This super-family contains a phosphatebinding motif conserved in structure and sequence. 17 The blocks from this super-family in the examined set are of the phosphate-binding motif. However, the set includes blocks from proteins with known structures that do not have the Rossmann fold. Our analysis identi®es the Rossmann fold phosphate-binding motif in other folds, where it also binds ligands other than phosphate.
Our Rossmann-type fold phosphate-binding motif CYRCA set includes blocks from folds known to be related to the Rossmann fold, such as NAD/NADP/FAD binding,¯avodoxin and phosphofructokinase folds, but also blocks from TIM barrel, methylases, tryptophan-synthase b-subunitlike and ribokinase folds ( Table 2 ). Methylases were shown by structure analysis to be similar to the Rossmann fold, 19 and we now show this by sequence analysis alone. While the TIM barrel fold is different from the Rossmann fold, it also often contains a phosphate-binding site. 20 Ribokinases 21 Multi-domain proteins that have multiple folds were classi®ed according to the fold in which the set block appeared in.
b A fold was assigned to a family with unknown structure when the family sequences were similar to another family that had a known structure, when the family blocks formed a distinct sub-set with blocks that had sequence(s) with known structure (see the TIM barrel section) or by the annotation of the blocks (methylases).
c The structure of a glutamyl-tRNA reductase was predicted to have a Rossmann-like fold domain by theoretical modelling and the motif identi®ed in this work was predicted to bind NADPH. and tryptophan-synthase b-subunits also bind phosphate-containing ligands but methylases bind a sulfate-containing ligand (S-adenosyl-methionine).
The structure of the motif we found common to these structures is a planar (N H ) b-strand, loop, a-helix. Exceptions to this are the¯avodoxin fold, in which the a-helix is missing, and the ribokinase fold, in which the b-strand is missing. All seem to bind ligands on the same plane as the motif, across from the loop region (Figure 3 ). Variability in ligand positions is probably due to the heterogeneity of the ligands and folds in which this motif is found (Table 2) . These results can be con®rmed for proteins with determined structures. Proteins with different folds are found signi®cantly similar to each other by structure-to-structure comparisons (not shown). The validity of this set is reinforced by its distinction from the Walker-type phosphatebinding motif, p-loop, set (the second largest set with 31 blocks). The two structures bind ligands differently and have separate sequence motifs (not shown). PSI-BLAST and block searches among the sequences present in this set did not identify the similarity between families of different folds, except for the known relation between the Rossmann, Rossmann-like and FAD/NAD(P)-binding folds. 21 Identifying TIM barrel proteins TIM barrel is an ubiquitous fold appearing in many proteins, mainly in metabolic enzymes. This a/b fold has an eight stranded b-barrel core surrounded by a-helices. TIM barrel proteins catalyze diverse reactions and have extremely low sequence similarity between members from different families and are thus hard to identify. 20, 24 Three CYRCA sets include blocks from different families with known TIM barrel folds. Two sets seem to include only TIM barrel fold blocks and the third is the Rossmann ligand-binding motif discussed above (Table 2 ). In this last set, the TIM barrel fold blocks cluster together in a distinct sub-set (not shown). More blocks join these three sets when lower LAMA thresholds are used and at Z-score 5 5.0 all three sets are found together as a sub-set of the Rossmann-type ligand-binding motif set (Figure 4(a) ).
The common sequence segments in the TIM barrel families detected by CYRCA are nine to 18 amino acid residues long, corresponding to ten regions of a b-strand, loop, a-helix (the strand being a barrel stave) in seven different families with known structures (three families each have two blocks in the set, corresponding to different regions of their structures). These regions ®t well with each other and also perfectly superimpose the b-barrels (Figure 4(b) , Table 3 ). The b-barrel strands in the regions are from different positions in the protein sequence. Thus, aligning the sequences according to the structural superposition requires circular permutations of the primary sequence (Table 3) . Structural superimposition of b-barrels by randomly chosen strands showed that these results are not due to the radial symmetry of the barrels (not shown). Our ®nding de®nes the TIM barrels phosphate-binding pocket 20 as a Rossmann-type fold ligand binding motif (see above). Recent structural evidence for evolution of TIM barrels by a half-barrel duplication supports our ®nding of pairs of similar motifs within TIM barrel 1BEU-A 33-49) . The KDPG and KHG aldolases structure (1KGA) was not used, due to its low resolution.
families. 25 We demonstrate how a local sequence similarity identi®es a global structural fold.
The structural similarity between the segments and full folds of the TIM barrel CYRCA sets could not be identi®ed by comparing the sequences from each family with other sequences or with blocks. PSI-BLAST identi®ed sequence similarity between only seven of the 17 families in Table 3 (not ®nding three of the families with known TIM barrel structures). Sequence to blocks searches identi®ed sequence similarity between just two families. Thus, CYRCA analysis predicts local and global protein structures for ten families where no such experimental data are currently available (Table 3) , while other advanced sequence search methods can give only very partial forecasts. Most of these families are well connected with Z-scores 5 5.6, while three are connected with lower scores (Figure 4 (a) and Table 3 ). The prediction for these last families is less certain. Nevertheless, we predict (with either high or low certainty levels) the presence of a TIM barrel fold in all members of each of these ten families.
ClpP protease and crotonase folds
CYRCA analysis clustered three blocks from the Enoyl-CoA hydratase/isomerase, ClpP protease, and U2 peptidase protein families. EnoylCoA hydratases and isomerases are eubacterial and eukaryotic enzymes that function in fatty acid metabolism. 26 They form homotrimers or homohexamers composed of two trimer rings. This fold is termed the crotonase fold after one of its members. The active sites are in clefts on the outer surface of each monomer. 27, 28 ClpP is the catalytic subunit of the Clp ATP-dependent protease, found in eubacteria, and eukaryotes, where they are encoded in nuclear and chloroplast genomes and expressed in the chloroplast and mitochondria. 29 Clp proteolytic core is a ClpP homo-oligomer made up of two heptameric rings forming a central cavity where proteins are cleaved in a catalytic triad-type active site. 30 Less is known about the third family of eubacterial and archaeal U2 peptidases, apart from the activity of some members, and no structural information is available.
The sequence similarity between the blocks is across 14-21 amino acid residues. The corresponding segments from ClpP and enoyl-CoA hydratase proteins have the same structure (0.96 A Ê RMSD across 17 residues) and ®tting them also superimposes the core fold of the two proteins (3.2 A Ê RMSD across 151 aligned residues). Nevertheless, the active site in each protein monomer is at a different position ( Figure 5) . Moreover, the common segments are positioned differently in the pro- tein oligomers and in each oligomer the monomers interact with each other differently. In the enoylCoA hydratases, the segments are at the center of the rings, while in the ClpP proteins the segments are on the periphery of the rings. Superimposing monomers from the two structures by the segments, we found the rings perpendicular to each other (not shown).
These two protein families have the same monomer structural fold and similar sequence motifs but their function, position of the active sites and overall structure are totally different. While their monomer folds are the same, most probably originating from a common ancestor, they are utilized in dissimilar ways for different functions. This fold similarity was previously identi®ed in comparing the structures 31 but cannot be identi®ed by comparing the sequences to other sequences or to blocks.
Discussion
This work extends the approach of multiple alignment-to-multiple alignment comparison, identifying similar sets of protein sequence motifs appearing in different contexts. Our method essentially creates multiple alignment of multiple-alignments. We believe this is a signi®cant advance in sequence analysis, enhancing our ability to practically use protein motif information.
There are several advantages in our choice of protein motifs as the basic unit for analysis. First, the modular nature of proteins naturally lends itself to description by motifs; i.e. locally conserved sequence regions. While groups of motifs can describe speci®c families, each motif is not necessarily associated with a single family. A motif can appear in separate families and repeated within one family. 32, 33 Next, a large number of sequence motifs are available from several extensive databases. 14, 34 The short local nature of blocks is also the basis for the success of the consistency approach we took. Since each block usually depicts a single feature (protein motif), it is easier to identify consistent sets. In contrast, when whole sequences or global multiple-alignments are compared the similarity usually consists of several ungapped segments. Not all these segments will necessarily be consistent, even in sets of genuinely related sequences or multiple alignments. This greatly complicates the identi®cation of consistent relations described here.
CYRCA analysis can identify sequence relations beyond the range of advanced sequence-tosequence, sequence-to-blocks and block-blocks analyses. We used very permissive criteria for identifying BLAST/PSI-BLAST and BLIMPS hits, and our basic parameters are those generally used in these methods (i.e. Grishin, 2000) . Nevertheless, most of the CYRCA relations could not be identi®ed by these methods. Realistically, even hits found by these criteria would not serve as convincing evidence. Users would probably question results where more than half the sequences did not identify the target family. In contrast, the built-in consistency analysis of CYRCA allowed con®dence even in sets that are not fully connected.
Our approach could be improved in two areas: multiple-alignment databases and multiple-alignment comparison method. Currently, only part of all known sequence families is present in multiplealignment databases and not all motifs are identi®ed in families that are present. Progress is continuously made in these two areas as more raw data become available and bioinformatics and motif-®nding methods are re®ned. For example, when we performed our analysis, only 55 % of all the sequences in the SwissProt database (44,163) were assigned to any block in the Blocks database. Of these sequences, 20 % (8680) were in the 61 CYRCA sets we found. In the next release of the Blocks database (June 2000), 61 % of the SwissProt sequences were assigned to blocks and CYRCA-identi®ed sets now included 30 % of those assigned sequences (14, 485) . We expect this trend to continue, leading to increased coverage. Next, we believe that unidenti®ed genuine relations are present in the data we analyzed. The number of possibly related block pairs not found in CYRCA sets is about 1500 more than that predicted in a comparison of shuf¯ed blocks (Table 1) . We are working on improving the LAMA program to re®ne the discrimination between false and genuine block pair relations.
An important caveat regarding enhanced sensitivity is demonstrated in our results. As shown in the relation of the ClpP and crotonase folds, homologous sequences, and even proteins with the same structure, may have different functions. 31 A principal aim of sequence analysis is function determination. Structure identi®cation is often a means to infer function and mechanism rather than an end in itself. Thus, correctly predicting the fold for a sequence will be misleading if its function is different from that assigned to this fold. Such cases were previously recognized after protein structure determination 31, 36 when the function of the studied proteins was known. As sequence analysis methods become more sensitive and most analyzed sequences have no functional annotations, special care must be taken to avoid wrong functional assignments derived from correct structural predictions.
This work identi®es many block sets whose similarity could be proven by structures or be supported by description for some blocks. Function and/or structure is then predicted for the other blocks in the set. Furthermore, the information predicted for each block is bequeathed to all its constituent sequences. This approach can be used to automatically annotate databases of sequences and of multiple-alignments. Blocks WWW sites (http://blocks.fhcrc.org) now include links to CYRCA sets, allowing simple exploration and cross-referencing of related blocks. LAMA searches of the Blocks database are followed by a CYRCA analysis and links are provided to blocks sets to which the queries can be joined.
One remarkable aspect of our results is the identi®cation of global structure correspondence from local sequence similarity. Sequence similarity between sequence regions as short as eight amino acid residues predicted not only the region's structure similarity but also the similarity of the folds in which they are found (Figures 3(b) and 5) . Protein sequence motifs can thus serve as markers for structure folds, identifying the structure similarity of regions whose sequences diverged beyond recognition.
Methods and Data Sources
Sequence and structure comparison methods
To evaluate CYRCA, we used other sensitive sequence analysis methods. Each CYRCA set includes three or more blocks, and each block includes motifs from different sequences. We examined whether these sequences are found similar to sequences in other blocks using BLAST 2.0 and PSI-BLAST 2.0 sequence-to-sequence comparison programs 4 or to other blocks using the BLIMPS and BLKPROB sequence-to-multiple-alignment programs. 37, 38 PSI-BLAST implicitly uses multiple-alignment-to-sequence comparison after its ®rst round of comparison and can thus also be viewed as a multiplealignment-to-sequence comparison method.
Sequences were compared to SwissProt database release 38 with the BLAST programs and to the Blocks database of January 2000 with the BLIMPS program. E-value thresholds for all programs were 0.001. PSI-BLAST was executed with three iterations. Given a CYRCA set, we examined each sequence in all blocks. Outputs were checked for the presence of sequences or blocks participating in the examined set. An identi®-cation required a detection of a block (for BLIMPS) or any of its sequences (for BLAST and PSI-BLAST) by at least a quarter of the sequences of the query block. Filtering for low-complexity sequence regions of search queries or search queries and database targets did not improve PSI-BLAST results.
Some blocks include sequences with determined structure in their motif regions. These could be used in structure-to-structure comparisons. These were done with the CE program 39 for identifying similar region/s across long regions in proteins and with the PROFIT 1.8 program for superimposing two speci®ed protein regions (http://www.biochem.ucl.ac.uk/ $ martin/programs).
Data sources
The Blocks database (http://blocks.fhcrc.org) of January 2000 was used in the comparison. Protein structures were retrieved from the RCSB protein database (http://www.rcsb.org/pdb).
